Ovaries of Chinese hamsters were irradiated with 1 Gy of X-rays on day 0, 4, 8 and 14 after birth, and the late effects on pachytene and resting dictyate oocytes, which had been proven to be radioresistant and to survive acute oocyte-killing, were studied in the progeny of the irradiated females. Thirty hours after mating, fertilized ova were collected and female pronuclear chromosomes were karyotyped. On day 18.5 of gestation, the number of corpora lutea and implantation sites were counted and the live and dead fetuses were examined phenotypically.
INTRODUCTION
In mammals, immature oocytes during the late fetal and neonatal periods are radioresistant at the pachytene stage, but become sensitive, suffering an acute killing during the diplotene and early dictyate stages. However, the oocytes recover radioresistance in the resting dictyate stage' S)
Thus, two types of surviving oocytes make up the ovaries of the females irradiated during neonatal period.
In neonatal Chinese hamsters, since the meiotic maturation of oocytes progresses syn chronously better than other species, the two types of radioresistant oocytes are present at different neonatal stages: the pachytene oocytes almost disappear before day 6 and the resting dictyate oocytes begin to appear on day 65). In this species, on day 0, all oocytes were at the pachytene stage and survived ovarian X-irradiation with 1 Gy, but the same treatment on day 4 killed a large number of diplotene and early dictyate oocytes, and only a small number of pachytene oocytes survived. On and after day 8, however, surviving oocytes were wholly replaced by the resting dictyate oocytes, so after day 14 the number of surviving oocytes increased remarkably. In fertility tests of females irradiated on day 0 and day 4, we found that X-irradiation at the pachytene stage had no late effects on survival and developmental abilities of oocytes6). Recently, Nomura7 found a significant increase of malformations in fetuses of mice exposed to 36 rad X-rays at 21 days of age, showing that immature dictyate oocytes which survived X-rays suffered genetic damage. However, there is not enough data to compare either the genetic effects of radiation among immature oocytes of the same species at different meiotic stages, or the effects of radiation among different species at the same meiotic stages. As far as the acute oocyte-killing effects of radiation concerned, the Chinese hamster showed the most dramatic change according to the stages of meiosis when compared with the mouse and the rats). In this species, therefore, it is possible to preserve either a pure population of irradiated pachytene oocytes or a population of resting dictyate oocytes which have survived the selective acute cell-killing effect of X-rays, by controlling the dose and the age at the time of irradiation.
In the present study, we exposed female Chinese hamsters to 1 Gy of X-rays on day 0, 4, 8 and 14 of age in order to examine whether the effects of X-irradiation on pachytene oocytes and resting dictyate oocytes appear in the progeny of the irradiated females with respect to chromosome aberrations, lethal mutations and congenital anomalies.
MATERIALS AND METHODS
Chinese hamsters used in this experiment were raised in the Asahikawa colony (CHA). Females at day 0 and day 4 of age were prepared for the study of the effects of X-rays on pachytene oocytes and those on day 8 and day 14 were prepared for the study of the effects on resting dictyate oocytes. The lower abdomen of the neonates were exposed to a single dose of 1 Gy X-rays (220 kVp; 20 mA; filtration: 0.7 mmCu + 0.5 mmAl; 42.6 cGy/min), as described in our previous papery. After irradiation, they were returned immediately to their mothers.
When the irradiated females reached 4-5 months of age, the estrous cycles were checked by daily vaginal smears. On the day of proestrus, the females were mated with non-irradiated males. Next morning, the copulation was confirmed by the presence of spermatozoa in vaginal smears. These procedures were required in order to avoid implication of the causal factors of chromosome aberrations such as delayed ovulation8_10) and delayed fertilization'"').
The males used for mating were homozygote for a reciprocal translocation to help distinguish the female pronuclear chromosome plate from the male one14>.
One-cell embryos were flushed from oviducts of copulated females about 20 hours after fertilization. The ova were cultured in Eagle's minimum essential medium (MEM) containing 0.04 p g/ml colcemid at 37'C in a humidified incubator with a gas phase of 5% C02 and 95q0 air, for 2-4 hours until the pronuclear chromosomes condensed properly. Chromosome slides were made using the method described by Mikamo and Kamiguchi15) and stained with 2% Giemsa solution for 5-6 minutes.
To examine dominant lethals and congenital anomalies in fetuses, the irradiated females were mated with ordinary CHA males. The day of copulation was defined as day 0 of gestation. On day 18.5 of gestation, the number of corpora lutea and implantation sites were counted. Both live and dead fetuses were weighed and examined carefully under a dissecting microscope. The number of preimplantation deaths was calculated by subtracting the number of implantation sites from the number of corpora lutea. The radiation-induced dominant lethality (DL) was calculated according to the following formula elucidated by Russell and Russell' 6).
DL(%)
I number of live fetuses/number of corpora lutea (X-ray) x 100 number of live fetuses/number of corpora lutea (cont.)
RESULTS (I) Incidence of chromosome aberrations in female pronuclei (1) Effect of X-irradiation on pachytene oocytes
Among the 292 one-cell embryos from females irradiated on day 0 and 316 from those irradiated on day 4, differential karyotyping of female and male pronuclear chromosome com plements have been successfully carried out in 267 and 295 cases, respectively ( Table 1 ). The in cidence of aneuploid was 1.9% in the 0-day irradiated group and 1.0% in the 4-day irradiated group, while that of structural aberrations was 0.7% in both of the irradiated groups. These incidences were not significantly different from those in the non-irradiated control.
(2) Effect of X-irradiation on resting dictyate oocytes
In the females irradiated on day 8, 252 one-cell embryos were prepared for chromosome slides and 216 female pronuclei were analysed, while in the females irradiated on day 14, 230 female pronuclei were analyzed chromosomally ( Table 1 ). The incidence of aneuploid was 1.4% in the 8-day irradiated group and 0.9% in the 14-day irradiated group, while that of structural aberrations was 1.4% in the former and 1.7% in the latter. These incidences were not significantly different from those in the control group.
(II) Incidences of pre and postimplantation death (1) Effect of X-irradiation on pachytene oocytes
As shown in Table 2 , the incidence of preimplantation death was 8.3% in the 0-day irradiated group and 7.9% in the 4-day irradiated group, while that of postimplantation death was 5.0% in the former group and 7.3% in the latter group. The majority of dead conceptuses were very small in size, indicating that they died shortly after implantation. Because the incidences of both Table 1 . Incidences of chromosomal aberrations in female pronuclei of one-cell ova collected from females exposed to 1 Gy of X-rays on different neonatal days. pre and postimplantation death in both irradiated groups were not significant from those in the controls, induction of dominant lethals by the irradiation was not recognized (Table 2) . (2) Effect of X-irradiation on resting dictyate oocytes The incidences of pre and postimplantation death in the 8-day and the 14-day irradiated groups were similar to those of the controls ( Table 2 ). Induction of dominant lethals was also not recognized in these groups. The majority of dead conceptuses were very small in size in these groups, as well as in the 0-day and the 4-day irradiated groups. There was a significant (t-test, P = 0.006) reduction in the mean number of corpora lutea in the 8-day irradiated group ( Table  2) . As described above, however, X-irradiation with 1 Gy on day 8 causes a marked reduction in the number of oocytes, this is due to the killing of diplotene and early dictyate oocytes. The reduction in the average number of corpora lutea was likely to be caused by a precocious shortage of ovarian oocytes, as observed in our previous histological study6). The group irradiated on day 4 showed a similar tendency for the same reason, although it was not statistically significant.
(III) Incidence of congenital anomalies Malformations observed in this experiment were dwarf, umbilical hernia and micrognathia (Table 3) . A fetus was classified as dwarf if it had less than 75% of the mean body weight of the rest of the litter, according to Kirk and Lyonl7) .
(1) Effect of X-irradiation on pachytene oocytes There was no malformation in live fetuses of 0-day irradiated females. Among the 150 live fetuses of 4-day irradiated females, there was only one dwarf (0.6010) ( Table 3 ). The results indicate that there was no induction of congenital anomalies by X-irradiation at the pachytene stage.
(2) Effects of X-irradiation on resting dictyate oocytes Among live fetuses of the females irradiated on day 8, there was one micrognathia and in those irradiated on day 14 one dwarf (Table 3) . However, no significant increase of malforma tion was recognized in either of the irradiated groups, indicating that X-irradiation at the resting dictyate stage had no late effect on developmental ability of oocytes.
DISCUSSION
The dose of 1 Gy used in this experiment was strong enough to induce genetic damage in mature oocytes1,18-23). Nevertheless, we found no increase of chromosome aberrations, lethal mutations and congenital anomalies when the same radiation dose was given at the pachytene and resting dictyate stages (Tables 1-3 ). A part of these results confirmed again our previous finding that oocytes irradiated at the pachytene stage had normal developmental ability6).
Russell et al.) found that when female mice received 3 Gy X-rays on the day of birth, when most oocytes are apparently at the pachytene stage, they produced more progeny than adult females given the same dose. Carter et al. 25) showed that frequency of mutations per loci was low after irradiation at the pachytene stage. These results support our observations in the Chinese hamster, that the pachytene oocytes are very radioresistant. The absence of chromosomal and developmental damage in oocytes irradiated at the pachytene suggests that DNA lesions formed in pachytene oocytes by X-irradiation are likely to be repaired completely.
In our studies using the Chinese hamster, we were able to confirm that there were two highly radiosensitive periods during the process of oocyte maturation (Fig. 1) . One of them was the period from diplotene to early dictyate which was sensitive to the acute killing effect of radiation5), and the other one was that from diakinesis to metaphase II which was sensitive to the clastogenic and teratogenic effects of radiation23, 26 28) . We also found that both the pachytene stage and the resting dictyate stage were highly resistant to such deleterious effects 5,6 and the present study)
A comparison of the radiosensitivity of oocytes between the mouse and the Chinese hamster revealed that there was a distinct species specific difference, the former being much more sensitive than the latter (see Fig. 1 ). The LD50 of immature oocytes at the highly sensitive stage, i.e. at diplotene, was about 40 cGy in the Chinese hamster (unpublished data), while only 6 cGy in the mouse4,29). In contrast with the Chinese hamster, exposure of resting dictyate oocytes to 0.36 Gy X-rays induced congenital anomalies) and that of maturing dictyate oocytes to 2 Gy X-rays induced chromosome aberrations'"'), lethal mutations 16, 19, 34) and congenital anomalies, [17] [18] [19] in the mouse. The incidence of structural chromosome aberrations and dominant lethal muta tions after X-irradiation of 2 Gy at diakinesis was considerably higher in the mouse20-22,34,35) than in the Chinese hamster 23, [26] [27] [28] . These findings strongly suggest that the radiological target(s) in both immature and mature oocytes is much more vulnerable in the mouse than in the Chinese hamster and that the repair system of DNA damage induced by radiation is much less efficient in the former species than in the latter. It is interesting to consider the mechanism underlying these species specific differences in the radiosensitivity of oocytes. Until now, the mouse has been used primarily in the studies on the effects of radiation on oocytes. Considering that the species specific difference in radiosensitivity of oocytes was so great between the mouse and the Chinese hamster, information obtained from the studies using the mouse should be evaluated in com parison with those found in various other species, in order to avoid pitfalls in extrapolating radia tion risks to human. 
